Introduction
(TCDD) is the prototype for a group of hormonally active xenobiotica that includes coplanar polychlorinated dibenzo-p-dioxins and furans with tumorigenic, immunologic, reproductive, neurobehavioral, and acute toxic effects at low doses [l] . Many of the observed effects are consistent with the concept that these compounds act as 'environmental hormones'. From studies, primarily performed in mice (reviewed in [2, 3] ) it is known that the toxic syndrome in experimental animals proceeds through binding of the inducer compound to the aryl hydrocarbon (Ah) receptor. The ligand-bound receptor activates transcription of several genes that encode proteins involved in the metabolism of xenobiotica and in cell growth and differentiation. Cytochrome P-4501Al (CYPlAl) is the most extensively studied enzyme induced by TCDD-like substances. It is also induced by naturally occurring substances like flavones [4] and by indole derivatives such as acid condensation products of indole-3-carbinol [5, 6] and photooxidized derivatives of tryptophan [7-91. Additionally, studies in rats and mice have indicated that UV light induces CYPlAl in the skin [lo] and the liver [ll] .
Of the UV-absorbing amino acids, cysteine, tyrosine and tryptophan, tryptophan absorbs most strongly at near-W wavelengths [ 121. Direct photolysis and dye-sensitized photooxidation generate numerous photoproducts of tryptophan, and some of these have been identified [12, 13] .
The majority of these products, including the larger molecules, are yet to be identified, however. From our experiments we know that several photoproducts derived from tryptophan are biologically active. Some of these photoproducts are mutagenic, but these are structurally different f?om the major mutagenic compounds formed after pyrolysis of tryptophan [14] . Products with affinity for the Ah receptor are also formed, two of which are of particular interest. As reported previously [15] , these tryptophanderived compounds (purity >99%) possess extremely high binding affinity for the Ah receptor, with Kd values of 0.07 nM and 0.44 r&I, respectively, compared to a K, of 0.48 nM for TCCD itself under the same conditions. Later experiments have confirmed that the binding aflinity of the first compound is 5-8 times higher than that ofTCCD and the latter compound has a similar affinity for the receptor as TCCD. Since these compounds showed such high binding affinities -one of them having the highest binding &nity for the Ah receptor reported so far for any compound -and were produced by W irradiation of the amino acid tr-yptophan, we suggested [15] that they might be the endogenous ligands for the Ah receptor.The compounds act as both inducers and inhibitors of cytochrome P-4501A1, and show antimutagenic properties [7, 16] . It is of importance to identify the chemical structure of the two compounds, which have molecular weights of 284 and 312, respective1y.A~ we suggested previously [15] , oxidized amino acids may be responsible for way. The purpose of the present study was to characterize these two photoproducts and to elucidate their structures.
Results and discussion UV irradiation of aqueous solutions of L-tryptophan
gives rise to a large number of photoproducts.
At least three of these components show a high Ah (or TCDD) receptor affinity. Two of these compounds, A and B, have been studied in more detail and have shown interesting biological effects.The mass spectra of the two compounds are shown in Figures 1 and 2. Low voltage (11 eV) mass spectra for the two compounds gave molecular weights of 312 and 284. The 70 eV spectra also showed a strong molecular ion at 312 for compound A and mass fragments of m/z 284, 285, 255, 256 and 128. The corresponding molecular ion for B was at 284, with fragments of m/z 255,256 and 128.
The UV spectra of the two compounds in chloroform are shown in Figure 3 . Compound A showed a double peak around 300 nm and two peaks at 450 and 540 nm. The same absorption peaks were also seen with DMSO as solvent. Compound B showed three peaks at 310,390 and are very low. In spite of this it was possible to get quite good NMR spectra of both compounds using DMSO as a solvent (and TMS as standard) provided that the number of scans was high enough (>30.000).
The IH-NMR spectrum of compound A (Fig. 5a) shows two doublets at 8.59 (2H) and 7.86 (2H) ppm and two double doublets at 7.53 (2H) and 7.29 (2H) ppm in the aromatic region.This indicates that we are dealing with a symmetrical structure. The two additional signals at 11.47 (2H) and 12.05 (2H, broad) ppm are consistent with this assumption. Consideration of these data plus information from the infrared spectrum (C = 0 at 1655 cm-l) lead us to propose structure 1 (6,12-diformylindolo[3,2-b] carbazole; Fig. 6 ) for compound A.
This structure agrees with the fact that the 13C NMR spectrum exhibited five quaternary signals between 117 and 145 ppm, plus a signal from the formyl groups at 192 ppm and four signals from the carbon atoms bearing hydrogen atoms. The mass spectrum, which showed consecutive losses of m/z 28 and 29, is also consistent with the assigned structure.
The lH-NMR spectrum of compound B (Fig. 5b) immediately reveals that the compound is asymmetric and closely related to compound A. Structure 2 (6-formylindolo[3,2-blcarbazole; Fig. 6 ) was therefore suggested and corroborated by further analysis of the 13C spectrum and the mass spectrum. All aromatic protons are different in the monoformyl compound and the protons close to the fused pyrrole rings appear as four well-separated 1H doublets.The four remaining protons on the flanking benzene rings appear as four pair-wise, coinciding double doublets. The sharp 1H singlet at 8.63 ppm is due to the isolated aromatic hydrogen atom in the middle ring. The two broad 1H singlets at 10.75 and 11.25 ppm are due to the two different NH groups, and the sharp 1H singlet at 11.70 ppm emanates from the formyl group. Apart from the carbonyl group (at 186.8 ppm) the 13C-NMR spectrum of compound 2 showed, between 145 and 112 ppm, nine signals for both the methine and the quaternary carbon atoms, which partly coincided. Compounds 1 and 2 are currently available in small amounts only by the photolysis of tryptophan followed by extensive chromatography. Therefore synthetic approaches, involving modification of related indolo[2,3-blcarbazoles as well as ring syntheses, are now being studied in our laboratories. This work will also provide rigorous proof that compounds A and B are identical to the assigned structures.
Significance
The importance of the signal pathways involving the Ah receptor in mammals, including man, can hardly be overestimated. Recent data obtained from studies in mice lacking the Ah receptor appear to favor a physiological role for the Ah receptor in addition to its function in xenobiotic metabolism [23]. Ah receptor deficient mice have a low survival rate and show impaired development of the liver and the immune system [23].
Agonists for the Ah receptor show considerable toxicity both in animals and man, as exemplified by TCDD and polycyclic aromatic hydrocarbons (PAH), which are amongst the most toxic and carcinogenic compounds known. There is also a growing concern regarding immunologic and reproductive effects on humans from perinatal low dose exposures to Ah receptor agonists.
Photoproducts of tryptophan have been studied by us with regard to Ah receptor binding and enzyme induction and were proposed to be the endogenous Ah receptor ligands [15] . Compound B, with the suggested structure 6-formylindolo[3,2-b] carbazole, has been tested for Ah receptor binding and was found to be an extremely good ligand for the Ah receptor, showing aflkity at picomolar concentrations (Kd =7~10-*~M).
This aflinity is almost ten times higher than that of the prototype ligand TCDD. The related compound A, 6,12diformylindolo[3,2-blcarbazole, also showed a high binding affinity, in our experiments approximately the same as TCDD. It remains to be shown that these compounds are present in biologically relevant extracts. The fact that indolo[3,2-blcarbazole derivatives can be formed from the dietary constituent, indole-3-carbinol, further emphasizes the importance of characterizing this group of compounds in more detail. Additional biological studies using these tryptophan-derived compounds may give valuable information regarding the functional role of the Ah receptor in development and cell differentiation. The toxicity exerted by TCDD and polycyclic aromatic hydrocarbons may be explained by their great structural and physical resemblance to these products of the W irradiation of tryptophan.
Materials and methods

VV irradiation of tryptophan solutions
Water solutions of tryptophan (1 gl-') were irradiated using a high pressure Hg lamp (Black-Ray long-wave UV lamp without filter) for 24h essentially as described [15] .
Sample preparation
The irradiated aqueous solutions, now brown-reddish in color, were extracted either with chloroform (1:9, chloroform:water) or with ethyl acetate. Alternatively, the photoproducts were concentrated on RP-18 columns. After loading the columns, the material of interest was eluted with ethyl acetate. Since this procedure was rather time-consuming, most of the concentration experiments were done by extraction of the water phase. The solvent was then evaporated under reduced pressure.
Further chemical separations and analyses
The dry eluate was dissolved in chloroform and loaded on a gravity-fed glass column packed with silica gel (Merck 60; 0.040-0.063 mm particle diameter). The mobile phase was chloroform. For purification this system was better than the RP-18 system used previously [15] since the nonpolar compounds of interest eluted first.The known photoproduct A eluted first, followed by compound B and a third, unknown compound with a molecular weight of 248. As compound A is not soluble in methanol, the final purification included methanol washes. Compound B, which is relatively soluble in methanol, was instead washed with cyclohexane.The products thus obtained have a purity of >99% as indicated by the absence of foreign signals in the NMR spectra.
The mass spectrometry was performed using a Jeol D300 mass spectrometer aeol Inc., Japan). The mass spectrometer was operated in the electron impact ionization mode using the probe inlet. The probe was heated to a final temperature of 350 "C. The ion source temperature was set to 200 "C, ionization voltage was set to 70 eV, scan range to 35-350 atomic mass units and scan time to 1 .O s. The molecular weights 284 and 312 were obtained using low voltage ionization (11 eV). The mass spectrometer was interfaced to the Finnigan computer system INCOS 2000 (Finnigan Inc., USA).
UV-spectra were recorded on a Hitachi U-320 spectrophotometer, and the fluorescence spectra on a Shimadzu fluorescence spectromonitor RF-510LC.
'H-NMR spectra were recorded on aVarian A60 instrument and 13C-NMR spectra were recorded on a BrukerWE'400 instrument.
